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The stoichiometry of Photosystem II (PSII) to Photosystem I (PSI) reaction centres in spinach leaf segments was determined by two methods,
each capable of being applied to monitor the presence of both photosystems in a given sample. One method was based on a fast electrochromic
(EC) signal, which in the millisecond time scale represents a change in the delocalized electric potential difference across the thylakoid membrane
resulting from charge separation in both photosystems. This method was applied to leaf segments, thus avoiding any potential artefacts associated
with the isolation of thylakoid membranes. Two variations of this method, suppressing PSII activity by prior photoinactivation (in spinach and
poplar leaf segments) or suppressing PSI by photo-oxidation of P700 (the chlorophyll dimer in PSI) with background far-red light (in spinach,
poplar and cucumber leaf segments), each gave the separate contribution of each photosystem to the fast EC signal; the PSII/PSI stoichiometry
obtained by this method was in the range 1.5–1.9 for the three plant species, and 1.5–1.8 for spinach in particular. A second method, based on
electron paramagnetic resonance (EPR), gave values in a comparable range of 1.7–2.1 for spinach. A third method, which consisted of separately
determining the content of functional PSII in leaf segments by the oxygen yield per single turnover-flash and that of PSI by photo-oxidation of
P700 in thylakoids isolated from the corresponding leaves, gave a PSII/PSI stoichiometry (1.5–1.7) that was consistent with the above values. It is
concluded that the ratio of PSII to PSI reaction centres is considerably higher than unity in typical higher plants, in contrast to a surprisingly low
PSII/PSI ratio of 0.88, determined by EPR, that was reported for spinach grown in a cabinet under far-red-deficient light in Sweden [Danielsson et
al. (2004) Biochim. Biophys. Acta 1608: 53–61]. We suggest that the low PSII/PSI ratio in the Swedish spinach, grown in far-red-deficient light
with a lower PSII content, is not due to greater accuracy of the EPR method of measurement, as suggested by the authors, but is rather due to the
growth conditions.
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Previously, it was assumed that the two photosystems in the
grana of plant chloroplasts were organized as a supercomplex
and consequently, the stoichiometric relationship of the two
photosystems was also assumed to be close to unity. Then
Andersson and Anderson [1] proposed extreme lateral hetero-
geneity in the distribution of the two photosystems, with
Photosystem I (PSI) totally excluded from appressed mem-
branes of the granal stacks, where most of the PSII complexes
are located. Given that PSI and PSII are structurally and
functionally autonomous and that PSI performs both cyclic and
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or fixed numbers of the two photosystems. Indeed, Melis and
Brown [2] first reported variable ratios of PSII to PSI reaction
centres in higher plant thylakoids. Chow et al. [3] reported ratios
of PSII to PS I reaction centres that are considerably greater than
unity, even in low-light-grown plants.
Separate methods are usually used to quantify the two
photosystems. Thus, there is a possibility that uncertainty in one
or other method may influence the reported ratio of the two
photosystems. To avoid this possibility, Danielsson et al. [4]
used electron paramagnetic resonance (EPR) spectroscopy to
monitor the content of both the tyrosine radical YD
Uin PSII and
P700+ in PSI in isolated thylakoids; the ratio of the two
photosystems so determined should be more reliable. These
authors reported a PSII/PSI stoichiometry of 0.88 for thylakoids
isolated from hydroponic spinach grown under cool white
fluorescent light, considerably less than the values for spinach
obtained by others using different methods [2,3,5,6].
An accurate value for the stoichiometry of the two
photosystems is important for predicting the input of electrons
to and the output of electrons from the cytochrome bf complex
on applying single-turnover flashes. In particular if, as some-
times reported, more-than-expected electrogenicity is observed
in the electron transfer across the cytochrome bf complex in its
operation of a Q-cycle, an additional transmembrane charge
transfer may be invoked, e.g. in Chlorella cells deficient in PSII
[7], Chlamydomonas [8], and Glycine and Cucumis [9]. In
addition, a quantitative model of the domain structure of the
photosynthetic membrane, partitioning the two photosystems
among the various membrane domains [4,10], must tally with
the overall stoichiometry of the two photosystems. Therefore,
the reported low PSII/PSI ratio of 0.88, less than unity, needed
to be examined in spinach and other plant species.
The study by Danielsson et al. [4] prompted us to examine
two methods, each capable of being applied to the measurement
of both photosystems in a given sample. The first is the EPR
method used by Danielsson et al. [4], applicable to isolated
thylakoids. The second method is based on the electrochromic
(EC) signal that can be obtained with leaf segments [9,11] with
the added advantage that artefacts associated with isolation of
thylakoids can be avoided. The EC signal, measured as a flash-
induced absorbance change at 520 nm, is the response of
pigments such as chlorophyll (Chl) b and carotenoids to
changes in the electric field (electric potential difference per unit
membrane thickness) in their environment [12]. The size of the
fast EC signal increases in a predictable manner with the content
of reaction centres and of electric-field-sensing Chl b and
carotenoid pigments during greening [13]. The fast (b1 ns) rise
of the absorbance change in response to a single-turnover flash
indicates trans-membrane charge separation in PSII and PSI.
Since the magnitude of the fast rise persists in the ms time range,
the charge on either side of the thylakoid membrane is taken to
be delocalized. Separated charges ultimately in the form of OH−
and H+ are able to diffuse freely in the stoma and lumen,
respectively, giving a change in electric potential difference that
is approximately independent of location in appressed or non-
appressed membranes and is sensed by Chl b and carotenoidsregardless of their location. Thus, each reaction centre, whether
PSII or PSI, will contribute equally to the EC signal.
The rationale of our EC method then was to suppress the
contribution of PSII (by a prior photoinhibition treatment) or of
PSI (by background far-red light) and determine the separate
contributions of each photosystem to the EC signal. In this way,
we were able to determine the ratio of the two photosystems
directly in leaf segments using two variations of the same meth-
od. The stoichiometry of the two photosystems that we obtained
by the EC method is consistent with values that we determined
by EPR and by functional PSII and PSI contents, but consi-
derably higher than that reported by Danielsson et al. (2004).
2. Materials and methods
2.1. Materials
Spinach leaves (Spinacea oleracea L.) were obtained fresh from plants
growing in the garden, or from the market. Cucumber (Cucumis sativus L. cv.
Lebanese) plants were grown at 24/21 °C (day/night) with a 10-h photoperiod
(200 μmol photons m−2 s−1). The potting mixture was supplemented by a slow-
release fertilizer (‘Osmocote’, Scotts Australia Pty Ltd., Castle Hill). Poplar
leaves (Populus deltoides L.) were collected from trees growing on campus.
2.2. Preparation of thylakoid membranes
For determination of the P700 content, spinach leaves were homogenized in
a buffer containing 20 mM Tricine–KOH (pH 8.4), 300 mM sorbitol, 10 mM
EDTA, 10 mM NaHCO3, 5 mMMgCl2, 10 mM KCl, 4.5 mM sodium ascorbate
and 0.5% BSA. The homogenate was filtered through 6 layers of muslin and
centrifuged at 3000×g for 2 min at 4 °C. After suspension in 20 mM Tricine–
KOH (pH 7.6), 300 mM sorbitol, 5 mM MgCl2, and 2.5 mM EDTA, the
chloroplasts were osmotically shocked in 5 mMMgCl2 for 1 min; then an equal
volume of medium was added to give a final concentration of 50 mM HEPES–
KOH (pH 7.6), 330 mM sorbitol, 2.5 mM MgCl2 and 10 mM KCl prior to
centrifugation at 3000×g for 2 min at 4 °C. Thylakoid membranes were
resuspended in a small volume of supernatant and stored at −80 °C for
subsequent quantification of P700 content (see later). Chl concentrations were
determined in 80% buffered acetone [14].
For EPR experiments, spinach thylakoids were prepared according to
Andreasson et al. [15] using the modifications according to Danielsson [4]. The
prepared thylakoids were suspended in 15 mM MES pH 6.5 (NaOH), 15 mM
NaCl and 300 mM sucrose to give a chlorophyll concentration of ∼4 mM and
stored at −85 °C. No fractionation processes were undertaken with the
thylakoids used as prepared.
2.3. Measurement of the electrochromic signal from leaf segments
The EC signal from leaf segments was measured as described earlier [9]. A
measuring beam at 520 nm, selected by an interference filter (full width at half
peak height=2 nm), was admitted by an electronic shutter shortly before each
measurement. The measuring beam was transmitted to the end window of a
photomultiplier, through a leaf segment oriented at 45° to the light path. Shortly
afterwards, data acquisition commenced, followed by triggering of a xenon
single-turnover flash. The xenon flash was directed at 45° to the leaf segment,
but at 90° to the measuring beam. Data acquisition continued for 50 ms in total,
followed by closing of the electronic shutter to keep the leaf segment in darkness
until the next measurement. Timing of these events was controlled by a pulse/
delay generator (Model 555, Berkeley Nucleonics Corporation, USA). The
xenon flash was filtered by a red perspex long-pass filter (transmitted
wavelengths N590 nm) and a heat-reflection filter that did not transmit
wavelengths N700 nm. The elimination of the far-red component of the xenon
flash by the heat-reflection filter was meant to avoid unbalanced excitation of
both photosystems, since a far-red component, if present, would reach further
into the leaf tissue where it would excite predominantly PSI. It is desirable to
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saturating. Xenon flashes were given at 0.2 Hz; typically 25 signals were
averaged to improve the signal-to-noise ratio. The EC signal was measured in
control leaf segments, or after prior photoinactivation of PSII, or during
suppression of PSI by moderately strong far-red light (see below).
2.4. Photoinactivation of PSII in leaf segments before measurement of
the EC signal
Leaf segments were floated in darkness for 2 h on a 1-mM solution of
lincomycin which inhibits repair of photodamage to PSII and, therefore, speeds
up the photoinactivation of PSII. After uptake of lincomycin, leaf segments were
illuminated at 1200 μmol photons m−2 s−1 at 25 °C for varied durations to vary
the extent of photoinactivation of PSII. Leaf segments were sampled for
measurement of the EC signal, followed by measurement of functional PSII by
the oxygen yield per flash (see later).
2.5. Suppression of PSI during measurement of the EC signal
Leaf segments were illuminated for N10 s to steady-state by an array of far-
red, light-emitting diodes in conjunction with a Schott RG9 filter (∼695 μmol
photons m−2 s−1, peak wavelength 741 nm, range 700–780 nm). The direction
of the moderately strong far-red light made an angle of ∼45° with the leaf
segment. The P700 molecules in PSI reaction centres were not all photo-
oxidized, however, necessitating correction for a small fraction of P700 in the
reduced state. The small fraction of reduced P700 was determined from the
redox state of P700 during illumination with the same far-red light (see below).
2.6. The redox state of P700 during illumination with far-red light
Redox changes of P700 in leaf segments were observed with a dual
wavelength (820/870 nm) unit (ED-P700DW) attached to a pulse amplitude
modulation fluorometer (Walz, Effeltrich, Germany) that was used in the
reflectance mode [16]. To measure the [P700+] as a fraction of the total P700
during illumination with moderately strong far-red light, leaf segments were
illuminated for N10 s to steady state by an array of light-emitting diodes in
conjunction with a Schott RG9 filter (∼695 μmol photons m−2 s−1, peak
wavelength 741 nm, range 700–780 nm). The direction of the actinic light made
an angle of∼45° with the leaf segment, while the light guide also made an angle
of ∼45° with the leaf segment but was on the opposite side of the normal to the
leaf segment. To obtain the maximum signal corresponding to the total amount
of photo-oxidizable P700, a steady state was first sought by illumination with
the far-red light. Then a saturating, single-turnover xenon flash (XST 103 xenon
flash) was applied to momentarily photo-oxidize the remaining P700. Flashes
were given at 0.2 Hz, and 16 consecutive signals were averaged (time
constant=95 μs). The maximum signal amplitude immediately after the flash
was taken as the total amount of photo-oxidizable P700 (P700+max). The signal
size obtained with moderately strong far-red light, when normalized to
P700+max, gave the fraction of oxidized P700 during the far-red illumination.
The complementary fraction r of reduced P700 was then obtained and taken into
account when evaluating the contribution of PSII reaction centres to the EC
signal in the presence of moderately strong far-red light (see below).
Let the contents of PSII and PSI reaction centres be nPSII and nPSI,
respectively. The amplitude of the fast EC rise, either in the absence (Ef(−FR)) or
the presence of far-red light (Ef(+FR)) is directly proportional to the sum of the
contributing reaction centres, with k as the inverse of the constant of
proportionality:
kEfðFRÞ ¼ nPSII þ nPSI; and kEfðþFRÞ ¼ nPSII þ rnPSI;
Manipulation of these two equations gives the stoichiometry of the two
photosystems:
nPSII=nPSI ¼ ½EfðþFRÞ  rEfðFRÞ=½EfðFRÞ  EfðþFRÞ
2.7. EPR measurements
Electron Paramagnetic Resonance (EPR) measurements were undertaken at
room temperature (290 K) using a Bruker E300E spectrometer with a standardBruker 4103 TM cavity. Samples (600 μl) were injected into a flat cell with
200 μl cavity region volume. This large sample volume allowed measurement
of both PSII and PSI signals for the same sample, with the sample being
carefully removed, treated and re-injected between the separate measurements.
The EPR conditions were: microwave power 7.95 mW, microwave frequency
9.810 GHz, modulation amplitude 4.7 G, time constant 0.66 s and 4 scans per
spectrum.
2.7.1. Quantification of PSII by EPR
Quantification of PSII was done by measurement of the EPR spectrum of the
dark stable tyrosine signal YD
U
under non-saturating microwave power
conditions. Pre-treatment by 20 to 30 s illumination at room temperature
followed by 5 min annealing on ice ensured maximal YD
U
formation, as
described by Danielsson et al. [4]. One spin per PSII reaction centre was
assumed for the maximal development of YD
U
.
2.7.2. Quantification of PSI by EPR
PSI was quantified by measurement of the EPR signal of oxidized P700+.
This signal overlaid the background of the dark stable YD
U
signal. After
measurement of the EPR signal of YD
U
, the flat cell was removed from the
spectrometer and the thylakoid sample carefully drained into a 500-μl
Eppendorf® tube. The sample was chemically oxidized by the addition of
ferricyanide to a final concentration of 5 mM in the sample buffer. The sample
was incubated in darkness at room temperature for 10 min. The treated sample
was reloaded into the flat cell for combined EPR measurement of YD
U
and
P700+. The chemical oxidation generated maximal P700+ formation, as per
Danielsson et al. [4], which was assumed to consist of one spin per PSI reaction
centre. Sample volume and concentration changes during the handling and
chemical oxidation processes were allowed for.
The individual signals for YD
U
and P700+ were deconvoluted by sub-
traction of the spectrum before chemical oxidation, where only the YD
U
EPR
signal was observed, from that after chemical oxidation. The EPR signal
subtraction was undertaken using WinEPR software (Bruker). The relative
concentrations of YD
U
and P700+ were determined by double integration of the
deconvoluted signal spectra.
2.8. Quantification of functional PSII by the oxygen yield per
single-turnover flash
Estimations of oxygen evolution per single-turnover flash, used to monitor
the content of functional PSII centres in leaf segments, were made using a leaf-
disc oxygen electrode with weak background far-red light [17,18]. The
estimations are based on the assumption that for every four flashes, four
electrons are transferred through each functional PS II, resulting in the evolution
of one O2 molecule.
2.9. Spectrophotometric quantification of P700 in thylakoids
Quantification of P700 in isolated thylakoid samples was performed
largely as described earlier [6]. Thylakoids were suspended (at 30 μM Chl)
in a buffer containing 400 mM sucrose, 50 mM TES–NaOH (pH 7.5),
10 mM NaCl, 5 mM MgCl2, 1 mM sodium ascorbate, 0.1 mM methyl
viologen, 2 μM DCMU and 0.2% (w/v) n-dodecyl-β-D-maltoside. The
measuring beam at 702 nm was selected by a matched pair of interference
filters (full width at half-peak height=2 nm), one placed at the entrance of a
light-tight box, and the other in front of the photomultiplier inside the box.
The measuring beam was admitted only shortly before measurement to
ensure that the sample was effectively in darkness before actinic
illumination. Actinic cross-illumination was with blue-green light selected
by a Schott BG 39 filter (∼500 μmol photons m−2 s−1). Timing of these
events and data acquisition was controlled by a pulse/delay generator (Model
555, Berkeley Nucleonics Corporation, USA). A separation of ∼15 cm
between the cuvette and the photomultiplier helped to minimize chlorophyll
fluorescence contamination, which was subtracted from the total signal. Only
one actinic flash was given to each sample. An extinction coefficient of
64 mM−1 cm−1 for P700 (reduced minus oxidized) was used to calculate the
P700 content [19].
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The EC signal, representing a change in the delocalized
electric potential difference across the thylakoid membrane,
following charge separation in PSII and PSI reaction centres
spanning the membrane, is displayed in Fig. 1 for a leaf
segment. On applying a single-turnover xenon flash, a fast rise
(amplitude Af) occurred with a time constant beyond the
resolution of our instrument. This fast rise was followed by a
slow rise (amplitude A1 and rate coefficient k1), which
indicated electrogenic activity in the cytochrome bf complex
[9]. Finally, there was a slow relaxation of the EC signal
towards the baseline in the dark (rate coefficient k2), as the
electric field was dissipated by transmembrane ion movements.
To obtain an accurate amplitude of the fast rise Af, the data points
were fitted by an equation of the form {Af +A1[1−exp(−k1t)]}
exp(−k2t) [11], ignoring points in the 0.3-ms interval im-
mediately after the flash because of an overload and recovery
of the photomultiplier.
The contribution of PSII reaction centres to the EC signal
could be varied by different pretreatments with high light in the
presence of lincomycin so as to photoinactivate varying
proportions of the PSII reaction centres. After photoinactivation
of some of the PSII complexes, the amplitude Af was decreased
(Fig. 1, lower trace). Fig. 2A shows that Af decreased linearly
with the content of functional PSII reaction centres in market
spinach. A regression line was fitted to the data points, and
constrained to pass through the point with coordinates (1,1) for
control samples. Extrapolation of the regression line to zero
functional PSII gave the remaining contribution from PSI
reaction centres only. Thus, the stoichiometry of the two photo-Fig. 1. The electrochromic EC signal induced by a single-turnover xenon flash
applied at time t=0 ms. Before t=0, the baseline corresponds to the absorbance
of dark-adapted leaf samples in the presence of a weak measuring beam alone.
Market spinach leaf segments were used either without high light treatment
(Control) or after 4 h exposure to 1200 μmol photons m−2 s−1 in the presence of
lincomycin, which resulted in the photoinactivation of a large proportion of
PSII. Each trace is the average of 25 scans given at 0.2 Hz.
Fig. 2. The amplitude of the fast EC signal, as varied by lowering the fraction of
functional PSII by a high-light pre-treatment of market spinach (A) or fresh
poplar (B) leaf segments. The duration of the high-light pre-treatment was
varied. The content of functional PSII was determined from the oxygen yield per
single-turnover flash, and expressed on a Chl basis before being normalized to
the control value. Regression lines were constrained to pass through the point of
coordinates (1,1) for the controls.systems could be obtained from the separate contributions of the
photosystems to the fast rise Af; the PSII/PSI ratio was 1.61 for
market spinach (Fig. 2A; Table 1).
Using the same protocol, we investigated the separate
contributions of the two photosystems to the fast rise Af in
poplar leaves freshly collected from a tree growing in the open
during summer. We obtained a PSII/PSI ratio of 1.62 (Fig. 2B;
Table 1), a value similar to that of market spinach.
The EC signal can also be used to determine the photosystem
stoichiometry by suppressing the contribution of PSI reaction
centres to Af, rather than by photoinactivating PSII. Flash-
induced charge separation in PSI was suppressed by photo-
oxidizing P700 with continuous background far-red light; the
contribution to Af then comes almost entirely from the PSII
reaction centres. Under steady, moderately strong far-red light,
Table 1
PS II and PS I contents, and stoichiometries of the two photosystems assayed by different methods
Fresh spinach Market spinach Poplar Cucumber Tobacco
PSII/PSI via photo-inactivation of PS II 1.61 1.62 1.50⁎⁎
PSII/PSI via FR suppression of PSI 1.81±0.06 1.54±0.12 1.72±0.08 1.89±0.16
PSII/PSI via EPR measurement 2.12 1.66
Functional PSII mmol (mol Chl)−1 2.80±0.08 2.62±0.13 2.60±0.10⁎ 2.78⁎⁎±0.06
P700 mmol (mol Chl)−1 1.68±0.04 1.79±0.05 1.55±0.06⁎ 1.76⁎⁎
Functional PSII/PSI 1.67±0.09 1.46±0.11 1.68±0.11⁎ 1.58⁎⁎
Values are means±s.e.m. for 3–6 replicate determinations where standard errors are indicated. ⁎[16], ⁎⁎[11].
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state signal P700+ss (Fig. 3). The application of a saturating.
single-turnover flash momentarily oxidized the remaining P700,
giving the maximum P700+ signal (P700+max) (Fig. 3). A ratio
P700+ss / P700
+
max of 0.92 means that 92% of the P700 was
oxidized by the moderately strong far-red light. Thus, only
r=8% was available to contribute to Af, and was taken into
account in calculating the separate contributions of PSII and PSI
to Af.
Having determined that about 8% of the P700 in PSI was in
the reduced form during illumination with moderately strong
far-red light, and available for charge separation, we obtained
the xenon flash-induced EC signal in the absence or presence of
the far-red light (Fig. 4). The amplitude of the fast rise was
decreased in the presence of moderately strong far-red light,
being now contributed to by all the PSII and the small fraction r
of the PSI reaction centres. The ratio of the PSII/PSI reaction
centres was calculated as described in Material and methods to
be 1.81 for fresh garden spinach, 1.54 for market spinach, 1.72
for fresh poplar leaves collected from outdoors, and 1.89 for
fresh cucumber leaves from plants grown in a growth chamber
(Table 1). These PSII/PSI ratios are significantly higher thanFig. 3. An example of changes in the oxidation state of P700 in a poplar leaf
under continuous far-red light on which was superimposed a xenon flash at time
t=0. The fraction of oxidized P700 in continuous far-red light can be determined
from the signal normalized to the maximum P700+ immediately after the flash.
The trace is an average of 16 scans.1.0, and consistent with values obtained by pre-photoinactiva-
tion of PSII.
We also used the same EPR method to estimate the ratio of
the PSII/PSI reaction centres in spinach as did Danielsson et al.
[4] since this method, like the EC signal, is capable of
monitoring both photosystems in a single sample, albeit in
isolated thylakoids. PSII was assayed as the free radical YD
Uand
PSI as the radical P700+ in isolated thylakoids. Fig. 5 shows
typical spectra obtained and illustrates the procedure employed
to isolate the signals. The ratios of PSII to PSI so obtained
were 2.1 for fresh garden spinach and 1.7 for market spinach
(Table 1).
To further test the consistency in these estimations of the
PSII/PSI stoichiometry, we measured the functional PSII
reaction centre content of leaf segments from the oxygen
yield per single-turnover flash during repetitive flash illumina-
tion [17,18], and the PSI reaction centre content by photo-
oxidation of P700 in thylakoid membranes isolated from the
corresponding leaves [6]. Table 1 shows that the ratio of PSII to
PSI reaction centers so obtained was 1.67 for fresh garden
spinach and a slightly lower value of 1.46 for market spinach.
These values were comparable to the ratio of 1.68 in cucumber,
and 1.58 in tobacco, obtained with the same methods usingFig. 4. The amplitude of the fast rise in the EC signal, as varied by lowering the
fraction of functional PSI by suppression of PSI activity with far-red light given
to spinach leaf segments. Moderately strong far-red light was used to photo-
oxidize a large proportion (∼0.92) of P700. Each trace is the average of six leaf
segments, each given 50 scans at 0.2 Hz.
Fig. 5. Spectra of EPR signals associated with YDU and P700+ used for
stoichiometric determination of PSII and PSI, respectively. (A) EPR signal
recorded for YDU in PSII, with the amplitude optimised (see Materials and
methods). (B) EPR signal for P700+ in PSI, overlying the signal for YDU; the
sample from (A) was subsequently treated with Fe(CN)6
3− to maximise P700+
amplitude. (C) Difference signal spectrum (B) minus (A) to isolate the P700+
signal. EPR conditions: microwave frequency 9.810 GHz, microwave power
8 mW, modulation amplitude 4 G, modulation frequency 100 kHz, time constant
0.65 s.
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quoted in Table 1.
4. Discussion
4.1. Novelty of the EC method
The use of EPR to determine the stoichiometry of the two
photosystems [4] offers a single method to monitor the contents
of both photosystems in isolated thylakoid membranes. This
advantage affords greater reliability in the stoichiometry
obtained since the contents of both photosystems have the
same “calibration” in the same sample. The EC signal offers a
similar advantage, being a “voltmeter reading” determined by
the number of reaction centres of either photosystem present,
and corresponding to a change in delocalized electric potential
difference generated across the thylakoid membrane upon
charge separation in the reaction centres. Further, it can also be
applied to leaf segments without the need to isolate thylakoid
membranes, thus avoiding any loss of PSI complexes via
breakage of stromal lamellae from the membrane system, or
decline of PSII activity during isolation of thylakoids.
4.2. Consistency of the photosystem stoichiometry and
functional PSII and P700 content measured by
various methods
The EC method, in its application to determine the
photosystem stoichiometry, was first applied to tobacco leaf
segments in which PSII reaction centres were photoinactivated
to increasing extents [11]. In the present study its use wasextended to leaf segments of two plant species, spinach and
poplar, in which PSII was pre-photoinactivated to various
extents. In a further variation of the EC method in the present
study, instead of photoinactivation of PSII, PSI activity was
suppressed with continuous background far-red light while the
EC signal was measured in leaf segments of spinach, poplar and
cucumber. In all three species, the ratio of PSII to PSI was in the
range 1.5–1.9, in good agreement with that estimated from the
contents of functional PSII and of P700 (Table 1). Significantly,
the EPR method of Danielsson et al. [4], when applied to our
spinach, gave a PSII/PSI ratio in a range (1.7–2.1) comparable
to the values obtained by the EC method, demonstrating the
consistency of these approaches. This removes the need to
question the validity of previously-used methods to quantify the
PSII/PSI ratio, as proposed by Danielsson et al. [4] who
suggested their EPR measurement for PSII was more accurate.
We note that EPR gave a PSII/PSI ratio in spinach thylakoids
that is marginally higher than obtained by other methods (Table
1). The EPR quantification of PSII by YD
U almost certainly
overestimates the functional PSII reaction centres, as some
could have been catalytically incompetent (because, for
example, the Mn was not functionally assembled in the PSII
complex) but still had photo-oxidizable YD
Upresent. Therefore,
YD
Ugives the total PSII content, as does the number of DCMU-
binding sites (see below).
Various methods of quantifying P700, including absorbance
difference spectrometry of the reduced minus oxidized P700 at
703 nm [6,19,20] and EPR [4] all give fairly comparable results:
1.6–1.8 mmol P700 (mol Chl)−1. In contrast, previous methods
used to determine the PSII reaction centre content such as
optical spectroscopy to quantify the reduced primary quinone
acceptor QA [5,21]; flash-induced oxygen yield [17], flash-
induced proton release [22] and herbicide-binding studies
[23,24] are controversial and give a wide range of values for
the PSII reaction centre content. Nevertheless, we found that the
ratio of DCMU-binding sites in isolated thylakoids to the
functional PSII reaction centre content determined from oxygen
yield per flash in the corresponding leaves was, on average, 1.14
for a number of plant species [17]. Further, for spinach
thylakoids isolated from plants grown in a glasshouse in spring/
summer, the content of DCMU-binding sites was 3.3 mmol
(mol Chl)−1, which agrees with the value for market spinach
reported by Graan and Ort [25]. These determinations of the
PSII and PSI reaction centre contents in the literature all gave
PSII/P700 ratios well above unity, consistent with our results
obtained by the EC and EPR methods (Table 1). Even outdoor
canopy-shade-grown plants have a PSII/PSI ratio in the range
1.2–1.9 [26]. We have not observed a PSII/PSI ratio close to or
less than unity. Thus, we conclude that in higher plants the
reaction centre content of PS II usually exceeds that of PSI.
4.3. A reported low PSII/PSI ratio
The PSII/PSI ratio quantified by EPR was reported to be only
0.88 for spinach [4], considerably less than the values of 1.4 [2],
2.0 [5], 1.6 [6], 2.2 [3] and 1.5–1.8 (this study) in high-light
grown spinach. We see no reason to question the EPRmethod of
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method comparable with those from our EC method (Table 1).
Further, the same EPR method gave a high ratio of PSII/PSI in
our spinach, whether from the market or fresh from the garden
(Table 1).
We do not question that the spinach hydroponically grown
indoors in Sweden had such a low PSII/PSI ratio. An
examination of the content of PSI reveals a typical value of
1.8 mmol (mol Chl)−1 [4], similar to our values of 1.7–1.8 for
spinach in Table 1 and to the literature values listed above. On
the other hand, the PSII reaction centre content, at 1.62 mmol
(mol Chl)−1, was very low, thus giving the low PSII/PSI ratio for
the Swedish spinach. In contrast, we obtained a functional PSII
content of 2.6–2.8 mmol (mol Chl)−1 for spinach (Table 1),
marginally smaller than the content of DCMU-binding sites but
comparable to the content of atrazine-binding sites [24].
4.4. Adjustments of functional PSII and P700 leading to
varying PSII/PSI stoichiometries in response to regulation
by light quantity and quality
In seeking an explanation for the low value for the PSII
content of the Swedish compared to our Canberra spinach we
need to compare growth conditions. It is established that PSII/
PSI stoichiometry is dynamically regulated during growth by
light quantity and light quality [27–29]. Plants grown under a
constant light quality environment of low intensity have fewer
PSII units with a larger light-harvesting antenna, relative to PSI,
while high-light-grown plants have more PSII units (nPSII) with
a smaller effective light-harvesting antenna size (APSII), relative
to PSI (nPSII, APSII), resulting in higher PSII/PSI ratios in sun
and high-light plants. The number and antenna size of PSII and
PSI reaction centres may vary, but so long as nPSII APSII=nPSI
APSI, excitation of both photosystems will be balanced, and the
quantum yield of oxygen evolution will be optimal.
Light quality differences during plant growth also have a
profound effect on PSII/PSI ratios (Table 2). Plants grown in
cabinets under far-red enriched light, i.e. mainly PSI light, have
less P700 and more PSII reaction centres, while those grown in
far-red deficient light, mainly PSII light, have more P700 and
less PSII reaction centres (Table 2). Hence the PSII/PSI ratio isTable 2
Functional PSII and P700 content and photosystem stoichiometry of spinach and pe
Plant Chl a/Chl b Functional PSII
Light quality [mmol (mol Chl)
Spinach
PSI light 2.99 2.88
PSII light 3.72 2.84
Pea
PSI light 1.97 2.67
PSII light 2.24 1.97
Pea
PSI light 2.5 3.03
PSII light 3.0 2.32
Light environment in growth cabinets: spinach [28] and pea [30] plants were grown u
fluorescence lamp with yellow long-pass filter); in [28] pea plants were grown in Pgreater in PSI light but lower in PSII light (Table 2). This
compensation strategy is designed to correct unbalanced light
absorption by the two photosystems. The Swedish spinach was
grown under markedly far-red-deficient illumination (PSI-
deficient light) from “cool-white fluorescent lamps” [4] and so
one would expect a low content of PSII. We suggest that the low
PSII/PSI ratio of 0.88 in the Swedish spinach grown in far-red-
deficient light with its lower PSII content, is not due to greater
accuracy of the EPR method of measurement, as suggested by
Danielsson et al. [4], but is rather due to the growth conditions.
4.5. Consequences of adjustments of photosystem
stoichiometry to light acclimation
Chow et al. [30,31] and Melis [28] provided direct evidence
that the photosystem stoichiometry adjustment in chloroplasts is
a compensation strategy designed to correct a long-term
unbalanced absorption of light by the two photosystems under
light-limiting conditions (Table 2). C3 plants operate efficiently
by having the same high constant quantum yield of oxygen
evolution under limiting light [32,33]. Measurements of the
quantum yields in peas grown in PSII or PSI light demonstrated
that high quantum yields were obtained only if measured under
the same light quality as their growth light, giving strong
support for the notion that dynamic adjustments in the
photosystem stoichiometry, with concomitant change in the
sizes of their light-harvesting antenna, allow the high, constant
quantum yields in limited light for all C3 plants [31].
Albertsson [10,34] proposed a model for the domain
structure of thylakoids based on data from his earlier
fractionation studies with aqueous polymer two-phase partition
systems. He suggested about 80% of the total chlorophyll was
associated with linear electron transport in the grana: 40% of the
Chl is present in PSII in the stacked membranes in close contact
with 40% of the Chl present in PSI in the grana margins
performing linear electron transport. The “extra PSI” chlor-
ophyll (20%) was located in the stroma lamellae for PSI-
mediated cyclic electron transport. Further, Albertsson and
Andreasson [35] estimated a constant proportion of grana to
stroma lamellae in some 20 higher plants, regardless of their
varying granal stacking profile due to light acclimation. Theyas grown under different light regimes enriched in PSI or PSII light
P700 PSII/PSI Ref
−1]
1.34 2.15 [29]
1.84 1.54
1.05 2.5 [30]
1.73 1.1
1.33 2.3 [28]
1.89 1.2
nder PSI light (incandescent lamp+red plexiglass filter) or PSII light (cool white
SI light (incandescent lamps) or PSII light (cool white fluorescent lamps).
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in their spinach could account for the less-than-perfect quantum
requirement of 9 to 10 photons per O2, demonstrated for all non-
stressed C3 plants measured under light-limited conditions
[32,33]. So Albertsson and Andreasson [35] proposed that a
ratio of PSII/PSI less than unity would be expected from the fact
that PSI has to be more abundant than PSII because PSI is
required to perform both cyclic and non-cyclic electron
transport. However, it is unclear whether cyclic photopho-
sphorylation is a significant contribution to steady-state
photosynthesis in higher plants under the light-limited condi-
tions in which the quantum requirement was determined.
Indeed, recent studies demonstrate that cyclic electron flow is
only a small proportion (∼ a few percent) of the total electron
flow at steady state in unstressed leaves [36,37]. As for the less-
than-perfect quantum requirement of 9 to 10 photons per O2,
there may be other explanations. For example, while QB
− is
waiting for a second electron, it will equilibrate with QA; a PSII
reaction centre containing QA
− will fail to perform charge
stabilization, thereby wasting a photon [18].
It has also been suggested by Albertsson [10] and Allen [38]
that the additional ATP needed for CO2 fixation via the Calvin–
Benson cycle, resulting in an ATP:NADP ratio of 3.2 in C3
plants, may be due to thylakoids possessing more PSI than PSII.
However, since PSI is a relatively fast reaction-centre complex
compared to relatively slow PSII [39], its concentration does not
have to exceed that of PSII to avoid limitation of whole-chain
electron transport capacity. Rather, the capacity for coupled
electron transport is limited by plastoquinol oxidation at the
cytochrome bf complex. Hence, the light- and CO2-saturated
rate of whole-chain electron transport is not limited by PSII, let
alone PSI, until about half of the PSII is inactivated [40,41]. The
stoichiometry of the two photosystems, therefore, cannot be
predicted from their roles in the light- and CO2-saturated rate of
cyclic or linear electron transport.
Given that most outdoor unstressed plants usually have more
PSII than PSI reaction centres, why then is it the case? The
answer to this question probably lies with the unique ability of
PSII to generate a strong oxidant (P680+) to oxidize water.
Associated with this critical function is the small but significant
probability with which P680+ inadvertently damages PSII itself
[42]. Indeed, over the course of a sunny day practically the
entire population of PSII is photoinactivated, and then repaired
[42]. However, some mitigation of photoinactivation of PSII
would be facilitated by having a larger number of PSII
complexes, each with a smaller antenna. A smaller antenna
would present each PSII as a smaller target for photoinactiva-
tion, while the greater number of PSII complexes would give
spare capacity to enable photoinactivated PSII reaction centres
to be repaired. Such a strategy is particularly desirable in high-
light growth conditions, when light-harvesting is not a critical
issue, but photoprotection is.
In conclusion, we applied three different methods (EPR, the
EC method in two variations, and quantification of PSII and PSI
by separate techniques) to determine the photosystem stoichio-
metry in spinach. The values were typically in the range 1.5–1.8
PS II per PS I, and hence plants grown in high light or in the sunhave an excess of PSII over PSI. The EC method in one or two
variations was also applied to cucumber, poplar and tobacco,
giving a similar range of photosystem ratios. We conclude that
the PSII/PSI ratio in leaves is typically well above unity, due to
the presence of more functional PSII than PSI.
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